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We have evaluated the regulation of a 43-kDa MAP kinase in sea urchin eggs. Both MAP kinase and MEK (MAP kinase
kinase) are phosphorylated and active in unfertilized eggs while both are dephosphorylated and inactivated after
fertilization, although with distinct kinetics. Reactivation of MEK or the 43-kDa MAP kinase prior to or during the first cell
division was not detected. Confocal immunolocalization microscopy revealed that phosphorylated (active) MAP kinase is
present primarily in the nucleus of the unfertilized egg, with some of the phosphorylated form in the cytoplasm as well.
Incubation of unfertilized eggs in the MEK inhibitor U0126 (0.5 mM) resulted in the inactivation of MEK and MAP kinase
within 30 min. Incubation in low concentrations of U0126 (sufficient to inactivate MEK and MAP kinase) after fertilization
had no effect on progression through the embryonic cell cycle. Microinjection of active mammalian MAP kinase
phosphatase (MKP-3) resulted in inactivation of MAP kinase in unfertilized eggs, as did addition of MKP-3 to lysates of
unfertilized eggs. Incubation of unfertilized eggs in the Ca21 ionophore A23187 led to inactivation of MEK and MAP kinase
ith the same kinetics as observed with sperm-induced egg activation. This suggests that calcium may be deactivating MEK
nd/or activating a MAP kinase-directed phosphatase. A cell-free system was used to evaluate the activation of phosphatase
eparately from MEK inactivation. Unfertilized egg lysates were treated with U0126 to inactivate MEK and then Ca21 was
added. This resulted in increased MAP kinase phosphatase activity. Therefore, MAP kinase inactivation at fertilization in
sea urchin eggs likely is the result of a combination of MEK inactivation and phosphatase activation that are directly or
indirectly responsive to Ca21. © 2001 Academic Press
Key Words: MAP kinase; MEK; phosphatase; calcium; fertilization; sea urchin; egg.e
e
k
m
S
f
i
o
G
R
1
p
rINTRODUCTION
The question of how animal eggs progress through meio-
sis without DNA synthesis and then arrest at specific
points in the cell cycle has intrigued researchers for many
years (reviewed in Gotoh and Nishida, 1995; Sagata, 1996,
1997; Gebauer and Richter, 1997; Singh and Arlinghaus,
1997; Kishimoto, 1998; Nebreda and Ferby, 2000). It has
been known for some time that the mitogen-activated
protein (MAP) kinase cascade plays a crucial role, perhaps
acting at several steps in the oocyte maturation process and
1 To whom correspondence should be addressed. Fax: (805) 893-
m8062. E-mail: foltz@lifesci.ucsb.edu.
244ntry into the first cell cycle (Abrieu et al., 2001). The
xtracellular regulated kinases (ERKs) 1 and 2 are the MAP
inase family members thought to mediate a number of
aturation and cell cycle-entry events (Ruderman, 1993;
agata, 1996; Ferrell, 1999a). For example, the cytostatic
actor (CSF) activity responsible for the metaphase II arrest
n Xenopus oocytes (Masui and Markert, 1971) is the result
f an activated MAP kinase pathway (Sagata et al., 1988;
otoh and Nishida, 1995; Sagata, 1996, 1997; Gebauer and
ichter, 1997; Singh and Arlinghaus, 1997; Kishimoto,
998; Masui, 2000). In vertebrate eggs, high levels of the
roto-oncogenic protein Mos (a MAP kinase kinase kinase;
eferred to as MAPKKK, MKKK, or MEKK) must be actively
aintained in order to maintain the arrest (Sagata et al.,
0012-1606/01 $35.00
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245MAP Kinase in Sea Urchin Eggs1988; Posada et al., 1993; Colledge et al., 1994; Hashimoto
et al., 1994; Furuno et al., 1994). Recently, it has been
determined that active MAP kinase (ERK1/2), the down-
stream target in the kinase signaling cascade, is essential for
prevention of DNA synthesis, regulation of cyclin B de-
struction, and spindle formation in Xenopus oocytes during
meiosis II (Gross et al., 2000). How MAP kinase activity
drives meiosis and functions in blocking DNA synthesis is
not yet fully understood, but is thought to be mediated in
Xenopus eggs by the protein kinase p90Rsk, a target of MAP
kinase (Bhatt and Ferrell, 1999; Gross et al., 1999, 2000).
Echinoderm eggs also have served as useful model sys-
tems for studying the role of MAP kinase in the first cell
cycle because they complete meiosis independent of fertili-
zation. Sea urchin eggs are naturally fertilized in the pro-
nuclear stage and starfish oocytes can be matured to this
stage in vitro and then fertilized, thereby eliminating the
complication of possible meiotic functions when studying
MAP kinase and its role(s) in regulating the first cell cycle
(reviewed in Sagata, 1996; Kishimoto, 1998). The ERKs are
highly conserved MAP kinases (Ku¨ltz, 1998) and, in fact,
starfish (Pisaster ochraceus) ERK1 is 76% identical to
human ERK1 with complete conservation in the critical
activating phosphorylation sites (Lefebvre et al., 1999).
Therefore, use of antibodies and assays developed for study-
ing the vertebrate MAP kinases can be used in analysis of
echinoderm MAP kinase function (cf. Tachibana et al.,
1997; Sadler and Ruderman, 1998; Carroll et al., 2000).
Recently, c-Mos was described in starfish and appears to
play a conserved role with that of vertebrate Mos in that it
prevents the meiotic/mitotic conversion after meiosis I,
directing meiosis II to ensure ploidy reduction (Tachibana
et al., 2000).
While it is clear that active MAP kinase is necessary to
prevent the unfertilized egg from progressing through the
cell cycle (Sagata, 1996; Kishimoto, 1998; Murray, 1998),
the point of arrest varies from species to species (Shibuya et
al., 1992; Picard et al., 1996; Abrieu et al., 1997, 2001;
Tachibana et al., 1997; Fisher et al., 1998; Sadler and
Ruderman, 1998; Carroll et al., 2000). For example, studies
in some species of starfish (Asterina miniata and A. pec-
tinifera) indicate that inactivation of MAP kinase at fertili-
zation is both necessary and sufficient for DNA synthesis
(Tachibana et al., 1997; Sadler and Ruderman, 1998). How-
ever, in other species (A. aranciacus and Marthasterias
lacialis), inactivation of MAP kinase appears to impinge
n the entry into M phase rather than affecting S phase
Picard et al., 1996; Abrieu et al., 1997, 2001; Fisher et al.,
1998). In the sea urchin egg (Strongylocentrotus purpuratus
and Lytechinus pictus), a MAP kinase of ca. Mr 43 K is
ctive in unfertilized eggs and is inactivated after fertiliza-
ion (based on phosphorylation state and kinase activity
irected toward the substrate ELK-1). Further, this inacti-
ation is both necessary and sufficient to initiate DNA
ynthesis (Carroll et al., 2000). However, using different
ctivity assays, others have found that unfertilized sea
rchin (Paracentrotus lividus and L. pictus) eggs contain
Copyright © 2001 by Academic Press. All rightery little MAP kinase activity but that a MAP kinase
ctivity increases after fertilization and is essential for the
rst mitotic M phase in sea urchins (Philipova and Whi-
aker, 1998; Chiri et al., 1998; Pesando et al., 1999). It is
ossible that there are two (or more) distinct MAP kinase-
ike activities in sea urchin eggs and that these reported
ifferences are due to the antibodies employed and the
ssays used to determine activity. Here, we further charac-
erize the 43-kDa MAP kinase-like protein and its regula-
ion in S. purpuratus and L. pictus eggs in an effort to clarify
this.
What controls the activity of the 43-kDa MAP kinase
protein at fertilization? In order to be enzymatically active,
MAP kinase must be phosphorylated on both a threonine
and tyrosine residue in a signature sequence (T-P-Y; re-
viewed in Robinson and Cobb, 1997; Lewis et al., 1998;
Garrington and Johnson, 1999), so regulating the upstream
kinase cascade and/or a phosphatase(s) that targets MAP
kinase are obvious possible mechanisms (Camps et al.,
1999; Keyse, 1998, 2000). In sea urchin eggs, a rise in
internal free Ca21 is both necessary and sufficient for the
bserved MAP kinase inactivation (Carroll et al., 2000).
ikewise, the Ca21 rise is thought to mediate the inactiva-
tion of cytostatic factor activity (Masui, 2001). The release
of Ca21 may act indirectly to affect MEK activity and/or a
hosphatase activity directed at MAP kinase. As in other
ells (Keyse, 1998, 2000; Lewis et al., 1998; Garrington and
Johnson, 1999), it is likely that there is a balance between
MEK activity and a MAP kinase-directed phosphatase ac-
tivity in eggs. In Xenopus oocytes, at least two distinct
AP kinase-directed phosphatase activities appear to be
onstitutively active and in balance with active MEK (So-
askey and Ferrell, 1999). However, the mechanism for
hifting that balance at fertilization such that MAP kinase
s inactivated is not known. Here, we have analyzed the
EK/phosphatase balance and investigated the effects of
a21 on both MEK and phosphatase activity in sea urchin
eggs.
MATERIALS AND METHODS
Animals, Gamete Collection, and Fertilization
Strongylocentrotus purpuratus, and Lytechinus pictus were col-
lected from the Santa Barbara Channel and maintained in open
system tanks at 10°C or at ambient temperature, respectively.
Spawning was induced by injecting 0.55 M KCl into the coelomic
cavity. Sperm were collected dry and kept on ice until use. Eggs
were collected into filtered seawater (FSW; natural seawater fil-
tered through a Whatman glass fiber filter and then a 22-mm
Millipore filter), washed three times with FSW, and dejellied by
multiple passes through Nitex mesh (120 mm for S. purpuratus, 210
mm for L. pictus). Dejellied eggs were washed three times with
artificial sea water (ASW; 484 mM NaCl, 10 mM KCl, 27 mM
MgCl, 29 mM MgSO4, 11 mM CaCl2, 2.4 mM NaHCO3, pH 8.0). In
some cases, the final wash contained 1 mM 3-amino-1,2,4-triazole
(ATAZ) to prevent hardening of the fertilization envelope. For
fertilization, eggs were suspended at 5% (vol/vol) final concentra-
s of reproduction in any form reserved.
d
n
m
s
k
S
w
a
7
N
i
C
c
a
s
a
M
P
E
c
f
m
t
c
i
s
p
S
a
i
r
e
p
h
246 Kumano et al.tion. Dry sperm was diluted in ASW/jelly water and immediately
added (final dilution of sperm was typically 1:10,000) to the egg
suspension with gentle mixing. Only batches of eggs exhibiting
greater than 95% or more fertilization envelopes were used.
Egg Lysate Preparation
Egg suspensions were centrifuged (280g) briefly and the seawater
was decanted. Eggs were resuspended in NP-40 lysis buffer (60 mM
Na-b-glycerophosphate, 50 mM Hepes, pH 7.0, 150 mM NaCl, 15
mM disodium-EGTA, 1% NP-40, 0.5 mM sodium vanadate, 1 mM
sodium fluoride, 10 mM each of aprotonin, leupeptin, and benzama-
ine, 50 mM PMSF) and lysed by passage through a 27.5-gauge
eedle on ice. The sample was centrifuged at 18,000g at 4°C for 20
in and the soluble fraction was collected and kept on ice. This
oluble fraction was determined to contain .95% of the total MAP
inase and MEK protein in the egg based on comparisons with total
DS-soluble egg protein (data not shown). Protein concentration
as determined by the BCA method (Pierce Chemicals) using BSA
s the standard.
MAP Kinase and MEK Activity Assays
Activity in ERK1/2 immunoprecipitates was determined by
using the Elk-1 protein substrate as described in Carroll et al.
(2000). To determine MEK activity, MEK was immunoprecipitated
from egg lysates (see above) by using the MEK antibody (New
England Biolabs) and protein G-Sepharose. Washed immunopre-
cipitates were resuspended in 25 ml kinase buffer (25 mM Tris, pH
.5, 10 mM MgCl2, 5 mM b-glycerophosphate, 2 mM DTT, 0.1 mM
a3VO4) supplemented with 200 mM MgATP. Purified, kinase-
nactivated mutant ERK2 protein (0.5 mg; New England Biolabs,
at. No. 6082) was added as substrate. Kinase reactions were
arried out at 30°C for 15 min. Reactions were terminated by
ddition of sample buffer. The phosphorylation state of the sub-
trates was assessed by immunoblotting with phospho-specific
ntibodies (see below).
SDS–PAGE and Immunoblots
SDS–PAGE and immunoblotting were carried out essentially as
described in Carroll et al. (2000). Briefly, lysates were dissolved in
freshly prepared Laemmli SDS sample buffer (Laemmli, 1970) and
heated at 95°C for 5 min. Proteins were separated on 10% poly-
acrylamide Tris-glycine SDS gels and transferred to nitrocellulose
(Towbin et al., 1979). Monoclonal pan-ERK antibody (Transduction
Laboratories) was used at 0.25 mg/ml. Polyclonal anti-phoshpho-
AP kinase (New England Biolabs) was used at 1:1000 dilution.
olyclonal anti-MEK and polyclonal anti-phospho-MEK (New
ngland Biolabs) were used at 1:500. Secondary antibodies (HRP-
onjugated sheep anti-rabbit antibody and goat anti-mouse) were
rom Transduction Laboratories and used at concentrations recom-
ended by the supplier. Antibody binding was detected by using
he Super Signal enhanced chemiluminescence kit (Pierce Chemi-
als). Blots were exposed to film for various times. Films of
mmunoblots in the linear range were scanned by using a PDI 420e
canner, and optical densities of bands were calculated by using the
ublic domain NIH Image program (Wayne Rasband, Research
ervices Branch, National Institutes of Health, Bethesda, MD;
vailable for Internet download at http://rsb.info.nih.gov/nih-
mage/). The percentage of phosphorylated MAP kinase or MEK
elative to the total MAP kinase or MEK (respectively) was aver-
Copyright © 2001 by Academic Press. All rightaged and normalized to the unfertilized time point for each
experiment. Calculation of standard deviations (shown as error bars
on the graphs) and statistical significance were conducted by using
the Instat program (version 1.14, GraphPad Software).
MEK Inhibitor (U0126) and Ionophore (A23187)
Treatment of Eggs
Varying amounts of the MEK inhibitor U0126 (1,4-diamino-2,3-
dicyano-1,4bis[2-aminophenylthio] butadiene; Promega) dissolved
in DMSO and diluted in ASW were added to the unfertilized egg
suspension to achieve the desired final concentration. The Ca21
ionophore A23187 (Sigma) was dissolved in DMSO, diluted in
ASW, and then added to the egg suspension to achieve a final
concentration of 5 mM A23187. As a control, unfertilized eggs were
incubated in ASW containing DMSO alone. For all experiments,
temperature remained constant throughout and eggs were periodi-
cally resuspended during the incubation.
To determine the effects of the pharmacological inhibitors on
cell division, eggs were fertilized as described above, washed to
remove excess sperm, and then incubated continuously in the
indicated amount of U0126, PD98059 (Promega), or vehicle
(DMSO). The time of inhibitor addition was 5–10 min postfertil-
ization. Cell division was monitored by removing a sample, fixa-
tion in paraformaldehyde, and then scoring for FE elevation and cell
division by microscopic analysis over time. At least 100 eggs per
time point per treatment were scored in each experiment.
Microinjection
Quantitative microinjection was performed at 15°C, using
mercury-filled micropipets (Hiramoto, 1962; Kiehart, 1982; and
see the information available at http://egg/uchc.edu/injection),
allowing injection of precisely calibrated picoliter volumes into
the eggs. Injection volumes were 3% of the total egg volume
(21 pl). Purified recombinant active MKP-3 phosphatase protein
(Wiland et al., 1996) was injected into unfertilized L. pictus eggs
to a final concentration in the egg cytoplasm of 102 mg/ml (2.4
mM). Injection of buffer (phosphate buffered saline with 10 mM
b-mercaptoethanol) alone served as a negative control. For each
xperiment (n 5 2), five eggs were injected with each of the
roteins or buffer alone, kept at 15°C for 30 min, and then
arvested for SDS–PAGE and immunoblotting.
In Vitro Assays
Eggs were lysed in NP-40 lysis buffer with or without phospha-
tase inhibitors and the concentrations of egg lysate were adjusted to
4–5 mg/ml. Purified recombinant active MKP-3 (34 ng/ml; 0.81 mM
final) or control buffer was added to egg lysate and incubated at
10°C for 20 min. In other experiments, egg lysates isolated in the
presence and absence of phosphatase inhibitors were treated with
10 mM U0126 for 10 min at 10°C. CaCl2 was then added to the egg
lysates to achieve a final concentration of 1.17 mM free Ca21, which
was calculated by using the MacIntosh computer software “Free
Calcium” written by Thierry Jean after Fabiato and Fabiato (1979)
and modified by Werner Klee (National Institutes of Health,
Bethesda, MD). Under these conditions, the final pH of the lysate
was determined to be pH 7.05–7.1. Lysates were then incubated at
10°C for an additional 20 min followed by the addition of Laemmli
sample buffer and heating at 95°C for 5 min.
s of reproduction in any form reserved.
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247MAP Kinase in Sea Urchin EggsImmunolocalization
Eggs were fertilized in the presence of 1 mM ATAZ and soft
fertilization envelopes were removed by passage through 64-mm
itex mesh. Unfertilized eggs or one cell zygotes were aliquoted
nto 12 3 75-mm glass tubes and were fixed in 4% paraformalde-
yde in ASW at 4°C for 10 min. The eggs and zygotes were
ncubated in 100% ice-cold MeOH for 5 min and then washed (by
ravity settling) three times with PBS. Following washing, they
ere blocked with 2% BSA in PBS at room temperature with
eriodic resuspension for 1.5 h. Following two washes in PBS, eggs
nd zygotes were incubated with primary antibody against
hospho-MAP kinase (1:200) or pan-ERK (1:400) at room tempera-
ure for 3 h or at 4°C overnight. After four washes with PBS, eggs
nd zygotes were incubated with secondary antibody (Cy3-
onjugated goat antibody anti-rabbit; Jackson Laboratories) diluted
:200 in blocking solution supplemented with normal donkey
erum (1:60; Jackson Laboratories) at room temperature for 1 h.
ggs were washed four times with PBS, mounted on slides, and
bserved by using a BioRad MRC 500 laser confocal microscope
oupled with a Nikon inverted microscope. A Zeiss plan-neofluar,
ultimedia immersion lens was used (primary magnifaction 253,
umerical aperature 0.9). Images were captured by using BioRad
oMOS v. 7 and opened using the NIH Image program (Wayne
asband, Research Services Branch, National Institutes of Health,
ethesda, MD; available for Internet download at http://rsb.
nfo.nih.gov/nih-image/). Images were imported into Adobe Photo-
hop 4.0 (Adobe Systems, Inc., Seattle, WA) to assemble the figures.
RESULTS
Activity of MAP Kinase and MEK in Sea Urchin
Eggs Before and After Fertilization
Given that the protein recognized by the antibodies we
have used, including a monoclonal pan-ERK antibody (Fig.
1) and several different polyclonal anti-ERK antibodies
(Carroll et al., 2000), is of the predicted Mr of an ERK and
urther, that this protein has kinase activity directed
gainst a known ERK substrate (Elk-1; Carroll et al., 2000),
e reasoned that the 43-kDa protein is ERK-like. Further,
he anti-phospho MAP kinase antibody is a well-
haracterized phospho-specific antibody directed against
he consensus dual phosphorylation site of ERKs (Fig. 1;
arroll et al., 2000). However, we refer to this 43-kDa sea
rchin egg protein here as a “MAP kinase” since its
equence is not yet known. If it is indeed an ERK-type MAP
inase, we reasoned that it may be regulated by known
pstream kinases. Therefore, in order to investigate how
he 43-kDa MAP kinase activity is maintained in unfertil-
zed sea urchin eggs and is inactivated at fertilization, we
rst evaluated the potential upstream kinase, MEK. The
EK inhibitors PD98059 and U0126 are known to cause
AP kinase inactivation in starfish (Sadler and Ruderman,
998; Stephano and Gould, 2000). Incubation in 2.5 mM
D98059 results in inactivation of MAP kinase in unfertil-
zed sea urchin eggs (Carroll et al., 2000), suggesting that
MEK is actively maintaining MAP kinase activity. There-
fore, we examined whether the transition of active to
inactive states of MAP kinase after fertilization (Fig. 1A) is b
Copyright © 2001 by Academic Press. All rightdue, at least in part, to a change in MEK activity. Antibodies
raised against mammalian MEK1/2 recognize a single band
of ca. Mr 45 K in sea urchin eggs (Fig. 1B, top panel). This
corresponds to the molecular weights of the mammalian
MEKs, (44 kDa; Lewis et al., 1998). MEK is active when it is
hosphorylated on both Ser217 and Ser221 (Alessi et al.,
994); mono-phosphorylated MEK exhibits ,25% activity
f the dual-phosphorylated form in vitro (Resing et al.,
995). We therefore used a phospho-MEK antibody that
pecifically recognizes dual-phosphorylated active MEK
Galbiati et al., 1998; Sontag et al., 1997; Takekawa et al.,
998) as a marker for active MEK in sea urchin eggs by
mmunoblot analysis. Although the total amount of MEK
id not change after fertilization (Fig. 1B, top panel), MEK
FIG. 1. Inactivation of MAP kinase and MEK at fertilization.
Unfertilized S. purpuratus eggs or eggs at various times postsperm
addition (min) were lysed and subjected to SDS–PAGE and immu-
noblot analyses (25 mg/lane) as described in Materials and Methods.
lots were probed with anti-MAPK (A, top panel), anti-phospho-
AP kinase (A, bottom panel), anti-MEK (B, top panel), or anti-
hospho-MEK (B, bottom panel). Antibody binding was detected by
sing enhanced chemiluminesence. Mr markers (31000 Da) are
ndicated on the right side of each panel. Shown are representative
lots from a single experiment. Blots from four separate experi-
ents were scanned and the graph (C) depicts the average percent-
ge of phosphorylated MAP kinase and MEK. Error bars indicate
he SD. Dephosphorylation of MAP kinase and MEK was deter-
ined to be statistically significant at the 20-min time point as
ompared to time 0 (P # 0.005).ecame dephosphorylated after fertilization (Fig. 1B, bot-
s of reproduction in any form reserved.
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248 Kumano et al.tom panel), with a statistically significant decrease ob-
served by 20 min postsperm addition (Figs. 1B and 1C). This
pattern was similar to that of MAP kinase inactivation (Fig.
1A), which also was evident by ;20 min postinsemination,
confirming our previous results (Carroll et al., 2000). How-
ver, MEK was not dephosphorylated as dramatically as was
AP kinase after fertilization. At 20 min postinsemina-
ion, ;30% of MEK was dephosphorylated, while ;75% of
AP kinase was dephosphorylated (Fig. 1C). Typically, by
0 min postinsemination, only a small fraction of MEK
emained phosphorylated, while no phosphorylated MAP
inase was detectable (Fig. 1), although this varied from
xperiment to experiment (Fig. 1C). In sea urchin eggs, as in
ther cells, the phosphorylation state of MEK correlates
ith the activity of MEK, as determined by a MEK activity
ssay using a kinase-inactivated ERK2 as substrate (com-
are Fig. 2A, lanes 4 and 7, with Fig. 2C). The anti-phospho
EK antibody signal never completely disappeared, al-
hough with short exposures, it was not detectable. How-
ver, kinase activity of MEK was dramatically reduced.
FIG. 2. MEK enzymatic activity decreases after fertilization. (A)
Unfertilized (UF) or fertilized (F; 30 min postsperm addition) were
lysed and total soluble lysates were immunoprecipitated (IP) with
anti-MEK and protein G-Sepharose. Washed immunecomplexes
were resuspended in kinase buffer containing ATP in the presence
(1) or absence (2) of substrate (kinase-inactive ERK2). Proteins
were separated by SDS–PAGE and transferred to nitrocellulose and
probed with anti-phosphoMAP kinase. The heavy chain (HC) and
phosphorylated substrate (pERK2) are indicated by arrows at left.
Mr standards are indicated at right (31000 Da). Negative controls
included precipitation with Protein G alone (PG), a mock immu-
noprecipitation (M), and substrate alone (S). Active (phosphorylat-
ed) ERK2 served as a positive control (C). Samples of total soluble
unfertilized and fertilized egg lysates were analyzed in parallel by
immunoblotting with anti-MEK (B), anti-pMEK (C), and anti-pMAP
kinase (D). Note that MEK enzymatic activity correlates with the
phosphorylation state of both MEK and MAP kinase.his suggests that perhaps the anti-phospho MEK antibody
Copyright © 2001 by Academic Press. All rightas a small amount of reactivity for nonphosphorylated
EK. Nonetheless, both the phospho antibody data (Fig. 1)
nd the activity data (Fig. 2) indicate that MEK activity is
ramatically decreased after fertilization, correlating with
he loss of MAP kinase activity. These data support the
ypothesis that an active MEK and MAP kinase are present
n unfertilized eggs and are inactivated after fertilization.
We next extended the analysis of both of these enzymes
o evaluate their activity through the first mitotic cell cycle
n highly synchronous cultures of S. purpuratus zygotes. As
hown in Fig. 3, reactivation of either MEK or MAP kinase
ctivity was not detectable prior to or during the first
itotic cell cycle. By 180 min postsperm addition, .99% of
he zygotes were at the two-cell stage (Fig. 3C, arrow).
either active MEK nor MAP kinase was detectable prior to
r during the first mitosis (Figs. 3A and 3B). These experi-
ents were repeated three times with the same results and
he phospshorylation state data were confirmed by moni-
oring both MEK and MAP kinase activity (data not shown).
These data suggest strongly that the MAP kinase we are
etecting is distinct from that reported using other antibod-
es and activity assays (Philipova and Whitaker, 1998; Chiri
FIG. 3. The 43-kDa MAP kinase and MEK do not reactivate prior
to the first cell division. S. purpuratus eggs were fertilized and at
various times postsperm addition, samples were removed and
processed for immunoblot analysis with anti-phospho MAP kinase
(A) and anti-phospho MEK (B) antibodies as described in Fig. 1.
Parallel samples were fixed and counted (C) to determine the
percentage of zygotes exhibiting elevated fertilization envelopes
(open circles) and a clear cleavage furrow indicating the two-cell
stage (closed circles). The arrow indicates the time (180 min) at
which .99% of the zygotes were at the two-cell stage. The blots
were probed for total MAP kinase and MEK as a control (not
shown). The same results were observed for three separate experi-
ments.
s of reproduction in any form reserved.
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249MAP Kinase in Sea Urchin Eggset al., 1998; see Discussion), since it does not appear to be
active at mitosis. In order to test this further and to
investigate the compartmentalization of MAP kinase in
relation to its potential function in eggs, we carried out
immunolocalization studies using the anti-panERK and
anti-phospho MAP kinase antibodies (Fig. 4). In unfertilized
eggs, phosphorylated MAP kinase was detected in the
cytoplasm and very strongly in the nucleus (Fig. 4D). At 30
min postfertilization, very little phosphorylated MAP ki-
nase signal was detectable (Fig. 4H). The total panERK
signal pattern remained unchanged in fertilized (Fig. 4F) as
compared with unfertilized eggs (Fig. 4B), with diffuse
staining observed throughout the cytoplasm and nucleus.
These experiments were repeated on five batches of eggs
and the same results were observed each time. Figure 4
shows representative micrographs of confocal images. For
each experiment, 20–30 eggs were observed per treatment
and .95% of the eggs exhibited this staining pattern. We
never observed an “empty” nucleus in any of the fertilized
eggs stained with the panERK antibody. However, it is not
possible to say with certainty that dephosphorylated MAP
kinase remains in the nucleus since the panERK antibodies
do cross-react weakly with an unidentified protein of Mr 85
K (Carroll et al., 2000), which may be contributing to the
overall staining pattern. Nonetheless, these immunolocal-
ization data are in marked contrast to those reported by
FIG. 4. Confocal immunolocalization of MAP kinase. S. purpurat
(FERT; E–H) were fixed and stained with the panERK monoclonal an
binding was visualized by using Cy3-conjugated secondary antibod
G). Image exposure and manipulation is the same for every panel.
he nucleus and the cytoplasm in the unfertilized egg (D) but is onPhilipova and Whitaker (1998) using a different antibody
Copyright © 2001 by Academic Press. All rightnd again suggest that the 43-kDa MAP kinase described
ere (and in Carroll et al., 2000) is distinct (see Discussion).
Activity of MAP Kinase and MEK in MEK-
Inhibited and Ionophore-Activated Eggs
The results comparing active MAP kinase with MEK
activity at fertilization (Fig. 1) indicate that MAP kinase
inactivation does not require complete MEK inactiva-
tion, even if we account for the possibility that the
anti-phospho MEK antibody has some reactivity for
mono-phosphorylated or nonphosphorylated MEK. This
may be due to the activation of a MAP kinase phospha-
tase(s) or a dose-response to MEK activity alone. In order
to explore this issue further, we analyzed the activity of
MAP kinase in response to the MEK inhibitor U0126.
Unlike another MEK inhibitor, PD98059 (Dudley et al.,
1995; Pang et al., 1995), U0126 is known to inhibit MEK
activity regardless of its activity state; that is, U0126 is
able to inactivate the enzyme even if it remains phos-
phorylated (Favata et al., 1998). In initial dose response
experiments, a concentration of 0.5 mM U0126 was found
to consistently inactivate MAP kinase by .90% in
unfertilized eggs when applied for 30 min. The IC50 of
0126 for mammalian MEK1/2 is 0.06 – 0.07 mM (Favata
et al., 1998). In analyzing biological effects of U0126 in
fertilized eggs (UNF; A–D) and eggs at 30 min postsperm addition
dy (B, F) or phospho-specific MAP kinase antibody (D, H). Antibody
nding of secondary antibody alone is shown as a control (A, C, E,
bar, 50 mm. Note that phosphoMAP kinase is detectable in both
eakly detected in fertilized eggs (H).us un
tibo
y. Bi
Scalemammalian somatic cells, the IC50 has been reported in
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Copyright © 2001 by Academic Press. All rightthe range of 0.5–10 mM (Favata et al., 1998; DeSilva et al.,
998) and it is used routinely at 10 –50 mM (cf. Fincham et
l., 2000). U0126 has been used at 5–50 mM in Urechis,
yster and starfish oocytes (Gould and Stephano, 1999;
tephano and Gould, 2000) and at 50 mM in Xenopus
oocytes (Gross et al., 2000).
In order to compare MEK inactivation with MAP kinase
nactivation, unfertilized sea urchin eggs were incubated in
.5 mM U0126 for various times and then MAP kinase
activity was assessed by immunoblotting with the
phospho-MAP kinase antibody (Fig. 5A). After 20 min of
exposure to U0126, MAP kinase activity was substantially
decreased (Fig. 5, left), comparable to its inactivation at
fertilization (Figs. 1B and 1C). These results also are com-
parable to those observed with another MEK inhibitor,
PD98059 (Carroll et al., 2000) and further support the role
of MEK activity. As expected (Favata et al., 1998), U0126
did not affect the levels of phosphorylated MEK (Fig. 5A,
right). These results indicate that inhibition of MEK is
sufficient to inactivate MAP kinase, confirming that, in
unfertilized eggs, MAP kinase activity is actively main-
tained by an upstream kinase, most likely a MEK family
member.
The observation that two pharmacological inhibitors
(U0126 and PD98059) with the same target but distinct
modes of action yielded the same results with regard to
inactivation of MAP kinase supports that hypothesis that
the 43-kDA protein is indeed downstream of MEK and is in
fact MAP kinase-like. Because a reactivation of MAP kinase
after fertilization was not observed (Fig. 3), the prediction
was that incubation of fertilized eggs in the pharmacologi-
cal MEK inhibitors would not have an effect on mitosis.
However, others have observed a reactivation of a MAP
kinase activity at first mitosis (Chiri et al., 1998; Philipova
and Whitaker, 1998; Pesando etal., 1999) and in P. lividus,
incubation of fertilized eggs in 40 mM PD98059 blocked
itosis (Pesando et al., 1999). Therefore, we determined
hether incubation in U0126 or PD98059 had any effect on
itosis in fertilized S. purpuratus eggs. As shown in Fig. 5B,
ontinuous incubation of eggs in 0.5 mM U0126 after
ertilization had no effect on either the timing or synchrony
f the first two mitotic divisions, even though at this
oncentration of U0126, MEK and MAP kinase activity are
ot detectable. We then tested a range of inhibitor concen-
rations (0.5–50 mM) to determine whether mitosis was
ffected. No significant effect was observed at lower con-
entrations (0.5–10 mM), but at 50 mM U0126, the first
mitosis was blocked (Fig. 5C). The block was complete and
various concentrations of U0126 (gray bars) or PD98059 (white
bars) and then scored for first cleavage as compared to control
embryos. The data shown are the average of three experiments,
normalized to the percentage of vehicle-treated zygotes that under-
went first cleavage and the error bars represent the SD. The effectFIG. 5. Low doses of U0126 inactivate MEK and MAP kinase but
do not block mitosis. (A) Effects of U0126 on the phosphorylation
of MAP kinase and MEK. Unfertilized S. purpuratus eggs were
incubated in 0.5 mM U0126 for varying lengths of time (min),
ollected, lysed, and subjected to SDS–PAGE and immunoblot
nalyses (25 mg/lane) as described in Materials and Methods. Blots
were probed with anti-phospho-MAP kinase (top left) or anti-
phospho-MEK (top right). The panels show the blots from a
representative experiment. The control (lane C) is a 30-min incu-
bation in DMSO (the vehicle for U0126). The pMAP kinase, total
MAP kinase, pMEK, and total MEK blots from three independent
experiments were scanned and the graph depicts the average
percentage of phosphorylated MAP kinase and MEK. Error bars
indicate the SD. Dephosphorylation of MAP kinase was deter-
mined to be statistically significant by the 20-min time point while
dephosphorylation of MEK was not significant (P # 0.005). (B) MEK
inhibitors have no effect on embryonic mitoses at low doses.
Fertilized eggs were incubated in 0.5 mM U0126 (open circles, solid
lines) or were untreated (open squares, dashed lines) and scored
every 15 min for cell division. The percentage of embryos that had
cleaved were plotted over time; at least 100 zygotes were scored per
treatment per time point. Shown is one representative experiment;
this was repeated three times, with the same results. Vehicle
(DMSO) alone had no effect on cleavage. (C) MEK inhibitors inhibitwas a complete block, as opposed to a delay.
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251MAP Kinase in Sea Urchin Eggsnot just a delay. Likewise, at lower concentrations of
PD98059, no effect on mitosis was observed but at .5 mM
PD98059, mitosis was inhibited (Fig. 5C). One possibility
for the lack of an effect at lower concentrations is that the
inhibitor is not able to enter the fertilized egg. To help rule
out this possibility, we repeated the experiments using eggs
that were fertilized in the presence of ATAZ to prevent
fertilization envelope (FE) hardening and then subsequently
were stripped of their FEs prior to addition of the inhibitor.
Again, no effect on mitosis was observed at the lower
concentrations (data not shown). The observation that the
MAP kinase activity that we are evaluating in these assays
does not appear to be active prior to or during mitosis
together with the observation that low doses of MEK
inhibitors are sufficient to inactivate MEK and MAP kinase
activity without affecting mitotic progression suggest that
the MAP kinase like activity at mitosis that has been
described by others is distinct. The data presented here and
in Carroll et al. (2000) are consistent with the hypothesis
hat an ERK-like MAP kinase activity is present in unfer-
ilized eggs of S. purpuratus and that this activity is
maintained by an upstream kinase (MEK). Further, the
activity decreases after fertilization and reactivation of this
kinase is not necessary for progression through mitosis.
FIG. 6. Calcium ionophore treatment results in dephosphoryla-
ion of phospho-MAP kinase and phospho-MEK. Unfertilized S.
purpuratus eggs were treated with 5 mM A23187 for various times
(min), collected, lysed, and subjected to SDS–PAGE and immuno-
blot analysis (25 mg/ml) as described in Materials and Methods.
lots were probed with anti-phospho-MAP kinase (top left) or
nti-phospho-MEK (top right). The panels show the blots from a
epresentative experiment. The control (C) is a 40-min incubation
n DMSO (the vehicle for A23187). The pMAP kinase, total MAP
inase, pMEK, and total MEK blots from three independent experi-
ents were scanned and the graph depicts the average percentage
f phosphorylated MAP kinase and MEK. Error bars indicate the
D. Dephosphorylation of MAP kinase and MEK was determined
o be statistically significant by the 20-min time point as compared
o time 0 (P # 0.005).How is MEK inactivated at fertilization? Inhibition of the 4
Copyright © 2001 by Academic Press. All rightperm-induced rise in internal Ca21 prevents inactivation of
the 43-kDa MAP kinase (Carroll et al., 1999, 2000). There-
fore, we asked whether Ca21 affects the upstream MEK
activity. Unfertilized eggs were treated with 5 mM A23187
and the levels of phospho-MAP kinase and phospho-MEK as
a function of time were assessed by immunoblot analysis
(Fig. 6). Under these conditions, 100% of the eggs elevate
fertilization envelopes (FE) as compared to 1–2% in DMSO-
treated controls (data not shown). After 20 min postiono-
phore addition, roughly 70% of the MAP kinase was de-
phosphorylated (Fig. 6, left), as previously shown (Carroll et
al., 2000), and about 50% of MEK was also dephosphory-
lated at this same time point (Fig. 6, right). By 40 min,
phosphorylation of MAP kinase was not detectable (Fig. 6,
left) and MEK phosphorylation remained at ;10% of nor-
mal (Fig. 6, right). In DMSO-treated controls, dephosphor-
ylation of MAP kinase and MEK never was observed (Fig. 6).
Taken together with the U0126 data, these results indicate
that Ca21 acts indirectly on MAP kinase activity via at least
MEK, if not on other targets as well.
A Role for a MAP Kinase Phosphatase?
Although results from studies using the MEK inhibitors
suggest that inactivation of MEK is sufficient to inactivate
MAP kinase (Fig. 5 and Carroll et al., 2000), the consistent
observations that MAP kinase inactivation is more exten-
sive than that of MEK inactivation at fertilization (Fig. 1)
and in response to ionophore activation (Fig. 6) suggest that
perhaps a specific MKP activity or a general phosphatase
activity that targets MAP kinase also is operating at fertili-
zation.
First, we tested the sufficiency of a MAP kinase phospha-
tase to inactivate MAP kinase in sea urchin eggs. MKP-3
(Pyst-1/rVH6) is a dual-specificity threonine/tyrosine phos-
phatase that specifically targets ERK2 (Camps et al., 1999;
eyse, 2000; Muda et al., 1996, 1998; Wiland et al., 1996).
Purified recombinant active mammalian MKP-3 (2.4 mM
final concentration in the egg cytoplasm) was injected into
unfertilized eggs and then MAP kinase activity in these
eggs was determined (Fig. 7). Compared to eggs injected
with buffer alone (Fig. 7, lane 2), the MKP-3-injected eggs
showed a dramatic decrease in MAP kinase phosphoryla-
tion (Fig. 7, lane 4).
Similarly, when active MKP-3 was added to lysates of
unfertilized eggs (0.81 mM final concentration) prepared
without phosphatase inhibitors, MAP kinase was dephos-
phorylated (Fig. 8, lane 2). These egg lysates are prepared in
the presence of a Ca21 chelator and maintained at 10°C.
nder these conditions, phospho-MAP kinase is stable,
xhibiting a minimal decrease in activity unless the phos-
hatase is added (Fig. 8, compare lanes 1 and 2). The
nactivation of MAP kinase is not due to inactivation of
EK, because when MKP-3 was added to the system, MEK
as not dephosphorylated compared to the control to
hich buffer alone was added (Fig. 8; compare lanes 3 and
). These results indicate that MKP-3 is able to dephosphor-
s of reproduction in any form reserved.
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252 Kumano et al.ylate MAP kinase specifically. Although these experiments
do not demonstrate whether there is a fertilization-
responsive MKP-like phosphatase activity in eggs, they do
demonstrate that a known ERK-specific phosphatase,
MKP-3, is sufficient to inactivate sea urchin egg MAP
kinase. While this is not surprising, these experiments do
provide yet another independent test of the identity of the
43-kDA MAP kinase-like target as ERK-like.
The in vitro lysate system was used in order to begin to
evaluate the regulation of MEK and the potential MAP
kinase-directed phosphatase activity in more detail. As
noted above, phospho-(active) MAP kinase is relatively
stable in these lysates, which are prepared in the presence of
chelator, even in the absence of phosphatase inhibitors (Fig.
9, lanes 1–3). However, when the egg lysates are adjusted to
a final calculated 1.17 mM concentration of free Ca21, an
inactivation of MAP kinase is observed (Fig. 9, lane 4). This
inactivation is prevented in the presence of phosphatase
inhibitors (Fig. 9, lane 5). This correlates with results
observed for the in vivo application of ionophore (Fig. 6) and
suggests that Ca21 is activating a MAP kinase-directed
phosphatase.
In order to evaluate the effects of a phosphatase activity
alone, egg lysates were treated with 10 mM U0126 (20-fold
ore inhibitor than used in vivo) to inhibit MEK activity,
n the absence and presence of phosphatase inhibitors (Fig.
, lanes 6 and 7). In this in vitro system, as noted above,
AP kinase is relatively stable, even in the presence of the
EK inhibitor (Fig. 9, lanes 6 and 7). However, when
alcium (final 1.17 mM free Ca21) was added to these
MEK-inactivated lysates, a reduction in phospho-MAP ki-
nase was observed (Fig. 9, lane 8). This inactivation was due
to an increase in phosphatase activity since the presence of
FIG. 7. Microinjection of active mammalian MKP-3 protein inac-
ivates MAP kinase in sea urchin eggs. Unfertilized L. pictus eggs
were injected with control buffer (lane 2) or purified MKP-3 (2.4 mM
final concentration in the egg cytoplasm; lane 4). After 30 min, eggs
were isolated, lysed, and subjected to SDS–PAGE (5 eggs/lane)
followed by immunoblot analyses with anti-phospho-MAP kinase.
For comparison, five unfertilized eggs (lane 1) and five fertilized (30
min postsperm addition) eggs (lane 3) are shown. Mr markers
31000 Da) are shown on the left.phosphatase inhibitors prevented this (Fig. 9, compare lanes
Copyright © 2001 by Academic Press. All rightand 9). Comparing the MEK-inactivated (U0126-treated)
ysates (Fig. 9, lane 8) with untreated lysates (Fig. 9, lane 4),
t appears that the Ca21-induced dephosphorylation of MAP
inase in these lysates is due primarily to a stimulation of
hosphatase activity.
DISCUSSION
The data presented here suggest that an ERK-like MAP
kinase activity is actively maintained in unfertilized sea
urchin eggs and is inactivated at fertilization. This MAP
kinase activity is distinct from that described by others
using different antibodies and activity assay methods (Chiri
et al., 1998; Philipova and Whitaker, 1998). An active
maintenance of this ERK-like MAP kinase activity by an
upstream MAP kinase kinase (MEK) occurs in unfertilized
sea urchin eggs. The rise in internal Ca21 at fertilization
eads to MEK inactivation and also activates a phosphatase
ctivity, both of which result in MAP kinase inactivation.
FIG. 8. Mammalian MAP kinase phosphatase inactivates MAP
kinase in sea urchin egg lysates. Soluble lysates were prepared from
unfertilized S. purpuratus eggs. Purified mammalian MKP-3 (34
ng/ml final concentration; 0.81 mM final) or the equivalent volume
f buffer was added to the lysates. After a 30-min incubation at
0°C, a sample of the lysate was subjected to SDS–PAGE and
mmunoblot analysis (25 mg protein per lane). Blots were probed
with anti-phospho-MAP kinase (top left) or anti-phospho-MEK (top
right). The panels show the blots from a representative experiment.
The pMAP kinase, total MAP kinase, pMEK, and total MEK blots
from five independent experiments were scanned and the graph
depicts the average percentage of phosphorylated MAP kinase and
MEK. Error bars indicate the SD. The same results were observed in
L. pictus egg lysates.
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253MAP Kinase in Sea Urchin EggsA Ca21-sensitive balance between active MEK and a MAP
inase-directed phosphatase(s) appears to be operating in
ea urchin eggs.
Are There Multiple MAP Kinase Activities in Sea
Urchin Eggs?
The 43-kDa protein recognized by the ERK and anti-
phosphoMAP kinase antibodies used in this and our previ-
ous study (Carroll et al., 2000) is likely to be an echinoderm
ERK based on immunoreactivity, estimated size, and kinase
activity directed against an ERK substrate (Elk-1). Further,
the inactivation of this MAP kinase is directly correlated
with a loss in MEK activity (using two inhibitors with
distinct modes of action) and with the presence of an active
MAP kinase-directed phosphatase (MKP-3). Results from
experiments using both activity assays and phospho-
specific antibodies indicate that this 43-kDa sea urchin egg
MAP kinase is active in unfertilized eggs, inactivated com-
pletely by 30 min postfertilization, and does not reactivate
prior to or during the first mitotic division. Further, incu-
bation of fertilized eggs in MEK inhibitors at concentrations
that abolish MEK and MAP kinase activity does not affect
either the timing or synchrony of mitotic divisions. Inter-
estingly, the phosphorylated form of the protein is present
in the nuclei of unfertilized eggs, suggesting that target
FIG. 9. Calcium stimulates a phosphatase activity(s) that dephos-
phorylates MAP kinase. Lysates of unfertilized S. purpuratus eggs
were incubated at 10°C in the presence or absence of 20 mM U0126
and phosphatase inhibitors (60 mM Na-b-glycerophosphate, 0.5
M sodium vanadate, 1 mM sodium fluoride) for 10 min and then
a21 was added (ca. 1.17 mM final free Ca21). After 20 min, samples
ere prepared for SDS–PAGE and immunoblot analysis (25 mg/
lane). Blots were probed with anti-phospho MAP kinase or anti-
total MAP kinase, scanned, and the percentage of phosphorylated
phospho-MAP kinase determined. The graph shows the average
from three independent experiments. Error bars indicate the SD
and asterisks indicate values determined to be statistically signifi-
cant (P # 0.005) as compared to the untreated lysates at the 30-min
incubation point (lane 2).substrates may be localized to the nucleus.
Copyright © 2001 by Academic Press. All rightBased on the activity profile and immunolocalization, the
AP kinase/ERK-like protein described in this work and in
arroll et al. (2000) is likely to be distinct from that
escribed by others. Using different antibodies and types of
ctivity assays, others have described a MAP kinase in sea
rchin eggs that is relatively inactive in unfertilized eggs
nd that is stimulated by Ca21 at fertilization (Philipova and
Whitaker, 1998). Activity increases during metaphase, with
entry into the first mitosis. Further, MAP kinase is detected
in the nuclear area only during mitosis (Philipova and
Whitaker, 1998). Similarly, others report a decrease in MAP
kinase activity after fertilization in P. lividus eggs, with a
eactivation prior to first mitosis (Chiri et al., 1998; Pe-
ando et al., 1999). Although both U0126 and PD98059 are
hought to be specific for MEK1/2, it is possible that at
igher concentrations they may inhibit other kinases such
s PKC and CDKs (Favata et al., 1998). This may explain
hy higher concentrations inhibit mitosis in sea urchin
ggs (this work and Pesando et al., 1999). Regardless of how
he inhibitors might be affecting mitosis, the observation
hat a MAP kinase-like activity is present just prior to and
uring mitosis (Chiri et al., 1998; Philipova and Whiataker,
998; Pesando et al., 1999) using established enzymatic
ssays makes it seem likely that the MAP kinase described
n those studies is distinct from that which we describe
ere and in Carroll et al. (2000). It is possible that at least
wo MAP kinase modules are operating in sea urchin eggs
nd early embryos, and therefore it will be important to
learly distinguish which are operating during a given phase
f the cell cycle.
The MAP kinase pathway has been associated with both
nhibition and stimulation of somatic cell proliferation
reviewed in Roovers and Assoian, 2000), so it is possible
hat this occurs in eggs as well. It will also be important to
etermine whether other kinase activities are involved in
egulating entry into the first cell cycle. For example, the
rotein kinase PAN GU inhibits S phase and promotes
itosis in the Drosophila early embryonic cell cycle
Fenger et al., 2000). Given that the inactivation of the
3-kDa MAP kinase that we have described appears to be
oth necessary and sufficient for DNA synthesis in sea
rchin eggs (Carroll et al., 2000), and that it is found in the
uclei of unfertilized eggs (this work), it is possible that it
as a direct role in regulating the DNA synthesis machin-
ry. The observation that active (phosphorylated) MAP
inase is present in the nucleus of the unfertilized egg and
hat dephosphorylation is occurring in the nucleus (Fig. 4)
erves as a starting point for identifying targets. Further
ork is needed to identify each MAP kinase-like protein
odule present in eggs and early embryos and to distin-
uish their precise functions.
How Is the 43-kDa MAP Kinase Activity Regulated
in Eggs at Fertilization?
Not surprisingly, the data indicate that a balance
between a kinase and phosphatase regulates the 43-kDa
s of reproduction in any form reserved.
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254 Kumano et al.MAP kinase activity in sea urchin eggs. How is this
balance operating? In one “balance model,” an active
MEK dominates over a weakly active phosphatase, result-
ing in primarily phosphorylated/active MAP kinase in an
unfertilized egg. At fertilization, the phosphatase is acti-
vated dramatically and overcomes the MEK activity,
leading to a reduction in MAP kinase activity. In this
case, MEK itself is not affected by fertilization. Evidence
against this model comes from the evaluation of MEK
activity, which indicates that MEK becomes inactivated
after fertilization. A second balance model predicts that
both MEK and a phosphatase are constitutively active in
the fertilized egg. Fertilization inactivates MEK and now
the dephosphorylation reaction dominates, resulting in
MAP kinase inactivation. The changes in the fertilized
egg do not affect the phosphatase activity per se, but
rather they simply remove the action of MEK. Finally, a
third plausible balance model is one in which both MEK
and the phosphatase are affected by fertilization. In the
unfertilized egg, the net result is that MAP kinase is
phosphorylated and active because MEK is more active
than the phosphatase. At fertilization, MEK is inacti-
vated and the phosphatase is stimulated, shifting the
balance to MAP kinase dephosphorylation. The differ-
ence in the kinetics of inactivation of MAP kinase and
MEK suggests that a phosphatase directed against MAP
kinase is being stimulated at fertilization, but this does
not distinguish clearly between the latter two balance
models. In order to evaluate the role of a phosphatase
separate from that of MEK, an in vitro assay was per-
formed. Unfertilized egg lysates treated with the MEK
inhibitor U0126 exhibited a basal MAP kinase phospha-
tase activity. This activity was stimulated when buffered
Ca21 was increased to levels mimicking that of fertiliza-
ion (;1 mM; see Stricker, 1999). Taken together, the data
uggest that at fertilization, a Ca21-sensitive inactivation
of MEK and activation of a phosphatase occur to shift the
balance to inactivation of MAP kinase.
How could Ca21 affect MEK and a MAP kinase phospha-
tase? There is no evidence that either class of enzymes is
modulated directly by Ca21, so it is likely that there are
Ca21-sensitive intermediary steps involved. In Xenopus
oocytes, at least two different MAP kinase-directed phos-
phatase activities are present, but the regulatory mecha-
nism of their activity is not known (Sohaskey and Ferrell,
1999). One of these activities is thought to be PP2A-like and
the other is a tyrosine phosphatase or perhaps a dual-
specificity MAP kinase phosphatase (Sohaskey and Ferrell,
1999). Calcineurin (PP2B) serves as an example of a Ca21-
dependent serine/threonine phosphatase, but it is not
thought to target members of the MAP kinase pathway
(Crabtree, 1999; Hemenway and Heitman, 1999) and has
been ruled out as operating in Xenopus eggs (Sohaskey and
Ferrell, 1999). In many somatic cells, ionophore treatment
or application of agents which trigger Ca21 influx through
modulation of channels in the plasma membrane result in
the activation of MAP kinase (reviewed in Lewis et al.,
Copyright © 2001 by Academic Press. All right1998; English et al., 1999) and calmodulin-regulated kinases
may also impinge on MAP kinase activity (Egea et al., 1999;
nslen et al., 1996). As opposed to the inactivation of MAP
inase in eggs, Ca21 seems to activate MAP kinase path-
ways in somatic cells (English et al., 1999). However, the
molecular basis of these Ca21-dependent mechanisms is
nknown. Further, feedback regulation may also be operat-
ng in the sea urchin egg MAP kinase module, as has been
bserved in some somatic cells (reviewed in Lewis et al.,
998; Keyse, 2000) and particularly in Xenopus oocytes
Matten et al., 1996; Ferrell and Machleder, 1998; Ferrell,
1999b). If a MAP kinase is involved in early embryonic cell
divisions in sea urchins (Walker et al., 1997; Philipova and
Whitaker, 1998; Chiri et al., 1998) and Xenopus (Guadagno
and Ferrell, 1998), then the phosphatase activity must be
transient and the MEK/ERK2 module must reactivate. The
identification of the actual phosphatase(s) that targets MAP
kinase as well as identification of the MEKK in the sea
urchin egg should help to answer the question of the
mechanism of regulation.
It would be useful to be able to inactivate just the
phosphatase in eggs and evaluate the effects. Unfortunately,
no specific inhibitors for MAP kinase phosphatases (MKPs)
are available. Treatment of sea urchin eggs with okadaic
acid, which inhibits the serine/threonine phosphatases PP1
and PP2A (Bialojan and Takai, 1988; Hardie et al., 1998),
both of which may target MAP kinase (reviewed in Keyse,
1998, 2000; Lewis et al., 1998), does affect various aspects of
sea urchin egg activation. Wright and Schatten (1995) have
reported that okadaic acid treatment prevents pronuclear
fusion, microtubule dynamics, and cell division and that
this correlates with prevention of dephosphorylation of two
proteins of ca. Mr 40 K and 42 K. In starfish, okadaic acid
treatment serves to drive the oocyte into M phase (Picard et
al., 1991). Treatment of Xenopus eggs with vanadate, which
inhibits protein tyrosine phosphatases (PTP), inhibits egg
activation and prevents dephosphorylation of p42 MAP
kinase (Sato et al., 1998). Injection of okadaic acid into
Xenopus oocytes slows the rate of p42 MAP kinase threo-
nine dephosphorylation (most likely due to a PP2A-like
activity) while injection of vanadate slows the rate of both
threonine and tyrosine dephosphorylation (Sohaskey and
Ferrell, 1999). It is also possible that the effect of Ca21 could
be exerted in part or wholly through a change in internal pH
(pHi) since Ca21 activates a sodium/hydrogen exchanger
Johnson et al., 1976; Shen, 1989) and changing the pHi of
eggs directly triggers DNA synthesis (Mazia and Ruby,
1974; Schomer and Epel, 1999). In the experiments pre-
sented here, pH was maintained at or near the pH of the
cytoplasm of the unfertilized egg. Currently, we are testing
the hypothesis that pH may affect MAP kinase activity in
eggs. How these ionic changes might affect MAP kinase
regulatory enzymes is not known. Again, isolation and
identification of the phosphatase(s) responsible for the de-
phosphorylation of MAP kinase at fertilization will be
necessary in order to test its necessity and precise regula-
tory mechanism.
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